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/: . 
. r  I, Introduction 

The take-off and launch phases of a i r c r a f t  and apacecraft  

produce very 8evere acoust ic  envirorments for the s t ruc ture ,  

personnel, and equlpments. lke  need f o r  accurate  data on the 

2respons;e and f a t igue  (or  malfunction) of these vehicles has 

led engineers t o  the construction of elaborate and cos t ly  

f ' a c l l i t i e s  for the s3mulation of Intense acoust ic  environmenta, 

A well lcnown example is the Sonic Fatigue F a c i l i t y  being com- 

pleted a t  1Jrip;ht Field.  Another I s  the Mtenae low frequency 

acoust ic  faci l i ty  a t  Langley Field, 

Xn the flight regimes of theae vehicles represented by 

large dynamic head q, exci ta t ion  by the turbulent boundary 

layer can become Q very Important source of skin vibra t ion  

and i n t e r i o r  noise. Some of the Mercury shots for example 

showed that the noise and vibration levels during the "IIILUC q" 

period significantly exceed thaw experienced during the launch 

pha8e.v The magnitude and importance of these environmental 

loads  na tu ra l ly  lead6 one t o  inqul re  whether an acoust ic  f a c i l -  

ity can be used t o  s h l a t e  these loads or  their effects. 

Ihe simulation of turbulent boundary layer loads would 

2deQlly mean the reproduction of the d i s t r ibu t ion  of acous t ic  

pressures over the vehicle with cor re la t ion  and convection 

properties very c lose  t o  those of the turbulence. I n  a sound 



f , 

field, the speed of propagation, the wavelength, and the fre- 

quency are related. This I s  not the case for the turbulcnt  

field where a p a r t i c u l a r  wavelength component may have a whole 

d i s t r i b u t i o n  of frequencies and/or convection speeds. 3/ 

If one I s  concerned prlmarlly wlth vibratory response, 

then it is the turbulent  energy a t  wavelengths near  the free 

bending wavelength Ln the panel which account for most of the 

exci ta t ion.v Even if one restricts the simulation to th is  

small group of wavenumbers near the bending wavenumber, the 

simulation of loads I s  still not possible s ince  the acoust ic  

frequencies a t  these wavelengths would generally be hlgher 

than the frequencies I n  the panel. 

In spite of these d i f f i cu l t i e s ,  however, it does appear 

that one has a chance t o  simulate the resonant response of a 

turbulent  boundary layer by the response t o  a sound field, 

whlch 10, after all, the important thing a8 far as vibration, 

malfunction, and fatigue are concernedo The correapondlng 

SQmd transmission thmugh the s t ruc tu re  night not I n  fact be 

properly simulated since It depends a good deal on the non- 

resonant o r  forced motion of the st ructure .  



11. Response of' a simple s t ruc tu re  to boundary layer noise 

&e vibratory responae of the modes of a oimply supported 

thin panel. to convected turbulence was computed by Dyer.y He 

distinguished three primary categories of modal behavior; when 

the trace wavespeed In the panel projected along the direction 

of convection I s  

a, 

b. 

C .  

Less than the convection speed, t he  modes are 

called hydrodynamjtcally slow (HS) 

equal t o  the convection apeed, hydrodynamically 

coincident (HC) 

greater than the convection Bpeed, hydrodynamically 

fast  (HF). 

meae regimes are readlly displayed in wavenunber space as 

shown In F i g .  1. 

vection I s  c$cos+ and the locus of nodes for which c$COBQ = Uc 

is the "HC mode" semlclrcle o f  radiufs U@!KC~. 

f a l l  with t h i s  circle, the HF modes without, 

%21e trace wavespeed In the direction of con- 

The HS modea 

1. Lo14 speed convection, U, << cB 
Y 

l)yerf 8 node1 of the pressure corre la t ion  pattern w=rd 
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where ph l a  the ti rbulent m8 pressurep Uc I s  he convec*i.on 

apeed, and At I s  a correlation area. When Uc << cB, the HC 

lacus i n  Fip;. 1 collapses to the or ig in  and the response i s  

composed entirely of HF modes, 

quency banda, one can compute the spectral density of panel 

gY grouping the modes In fre- 

velocity,  clihe result I s  u' 

where ", = (8p8iccl)-' is the mechanical point input conductance 

of an infinite flat plate. In Eq. (1) the moving axl8 *e- 

quency spectrum is 

although this precise form I s  not required for the validity of 

(2). 

being fairly uniform energy content up to a frequency W = 1/0, 

beyond which the energy diminishes rapidly. 

for  the panel is q and p, 18 the surface mass density. 

The form of @!(O)  l a  shown In Pig. 2, there generally 

The loss factor 

The "correlation area'' At I s  detekmened by the strength 

of the wavenumber spectrum at the free bending wavenumber for 
the plate. It I s  !i/ 
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where 0 (k) is normalized to have unit area. The form of At 
X N  

for  low speed (incompressible) turbulence 18 given In F i g .  3. I/ 
The excitation is seen to be most effective in  the range where 

the bending wavelength ie, the reciprocal of the displacement 

thickness, and drops off above and below this value. We note 

from (2) that the frequency spectrum QT(O) is directly pe- 

flected in the response spectral density. 

2. Hiff h speed convections, U, > cB 
b 

Maen the convection speed exceeds the trace wavespeed, 

which ia the situation depicted in Fa. 1, one m y  again apply 

DJTerfs results. In this instance, however, it is useful to 

compute the power Input to an Infinite panel since the cal- 

culations are simpler to perform and lead to the same results 

after one averages over groups of modes. 

For the i n f l n l t e  panel, one begins wlth the equation of 

motion 

and expresses the displaceraent y and preaoure p a8 Fourier 

integrals in t a e  and space. ate power jinput per unit area of 
the panel be comes Y 

-5- 
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where @ (k,o')  l a  the spectral density of the turbulent pres- 

su,w field in a frame moving at the convections speed. The 

frequency variable I s  at = a  - klUc where I s  the responm 

frequency and kl is the  component of wavenwnber in the dlt- 

rectlon of convection. 

N 

'Ilhe spectrum @ l a  the transform of the correlation 

If the temporal and spatbl correlationa-are assumed to 

separate in 8 convecting frame, then a similar separation 

w i l l  occur in the spectra 

If the pattern i s  uniformly convected, then the f i x e d  frame 

spectrum is related to the moving spectrum by 

as above, 

-6- 
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Ilkten the convection I s  very 61ow, aa on the h u l l  of a 

ship or  on an a i r c r a f t  a t  take-off 8peed8, then klUc << w 

and the wavenumber and frequency in t eg ra t ions  i n  (6) separate. 

The r e s u l t i n g  power input l a  equated t o  the d i s s ipa t ion  

coqp,?R(U) and the velocity spectrum given en (2) r e s u l t s .  

Thusj the i n f i n i t e  plate and f i n i t e  panel reaults are con- 

s i s t e n t  at low speeds and we expect them t o  be a t  high speeds 

as well. 

The wavenumber pa t t e rn  for the i n f l n i t e  plate is depicted 

i n  Fig. 4. It is s i i i lar  to Fig. 1 except that now one can 

relate di rec t ly  the wave components In the plate with any 

point on the diagram. 

down i n t o  HSj HCj and HF waves. From the analysis ,  it t u rns  

out that the largest response (or power input  t o  the p l a t e )  

occurs a t  the i n t e r s e c t i o n  of the k = k circle and the HC 

wave locus. 

Instead of modes, one now has a break- 

P 
For these waves, the temporal decay of the tur- 

bulence is unimportant, I t s  wavenuniber spectrum determlnlng 
A 

%he response a t  k LJ k and consequently a t  frequency w = kzl:c P 4. 
aPle formal result is fY 

which may be converted to a veloc i ty  spectrum by equating input  

and dissipated power ars above. The p r i m a 4  feature of t h i s  

-7- 



result  i8 the absence of @,(a). 

Input from high apeed turbulence therefore, one l a  primarily 

concerned with simulatLng a wavenumber spectrum, 

spectrum I s  quite  6m0oth~ having roughly a 10 dB Varia’Aon 

over 1.5 decades in wavenumber or 3 decades In frequency as  

seen by reference t o  F i g ,  3* 

In simulating the power 

This 



, .  , 

. .  
111. R~SpOnBe of 8 supported panel to  a sound field 

I h e  next s t e p  in the lsirnulation I s  to  review our under- 

standing of the absorption of acoustic power by panel struc- 

t u r e s  exposed to a sound f i e l d .  If the man square acoustic 

pressure i n  8 band h centered about w is  p,(U) In the absence 

of the structure, then the power absorbed by the s t ruc tu re  i n  

2 

thiQ band r.;fl1 be Y 

where C 18 the sound speed, "a is  the average model densfty 

of the structure 

ciency of the structure. The direc t iv i ty  function D(0) is 

averaged over the distribution of energy 1.ncident on the 

panel and the responding modes l n  the band. For 8 revewerant 

f i e l d  <ID = 1 and the absorbed power l a  uniquely determined by 

the radiation efficiency. 

In the band, and urad is the radiation effi- 

The radlation efficiency of rectangular supported panels 

has been computed by Maldanilc 10/ Ejlperlmental studies of 

the radiation of plates  with attached stiffening members indi- 

cate that these idealized calculatfons can give quite good 

estimates of the radiation from structures of engineering 

Interest 

-9- 



A c las s i f i ca t ion  of radiating modes can be made by 

comparing the wavespeed of' their component waves a t  the 

wsonance frequency with the speed of sound. Nodes which 

have wave components that travel faster than the speed of 

sound are termed "acoustically fast" (AF). lhose with wave- 

speeds less than the sound speed are cal led "acoustically 

81otv" (AS), 

in flat panels, but are present below this frequency In 

curved panels due to the increased stiffness produced by 

curvature, as Manning and bidanikhnve noted, AS modes 

m y  be divided Into two groups according to whether or not 

they have trace ve loc i t i e s  along the edge of the structure 

greater or less than the sound speed. 

have both trace speeds lese than the speed of sound and 

account for a amall  part of the radiated sound. The AS 

"str lp  modes" have a component of trace speed greater than 

the sound speed and account f o r  most of the radiat ion below 

the c r i t i c a l  frequency. 

Ihe  AF modes occur above the c r i t i c a l  frequency 

The AS "piston mo$ea" 

By combining the radiation output of these modal classes 

it I s  possible to predict an average radiation e f f i c i ency  for 

the panel a s  Maldanik has done. A typical form on the 

result I s  shown in Pi@;. 5. An octave or so below the crlti- 

cal frequency fp, drad is given by 

-10- 



and it is essentially u n i t y  for  f > fp. 

total perimeter of edges and other structural dlscontfnuities 

on the panel, h i t s  the panel thickness and Ap is the panel 

area. 

In (12), @ is  the 
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IV. Equivalence bctweelr turbulent  and acous t ic  e x c i t a t i o n  

' I n  the previous sections, we have reviewed the methods 

and analyses tha t  are available f o r  predicting the average 

power Input into a slmple s t r u c t u r e  i n  frequency bands, '  We 

must now lnqulrpe whether we can replace one form of power 

Input 191th the other, 88 simulation would requlre .  

ask t h i s  question i n  two areas; first, what is the  difference,  

If any, i n  the "d i r ec t "  v ibra t iona l  fields and 8t?condt what 

differences are l i k e l y  to exist iLn the reverberant v ib ra t iona l  

fields of the panels. 

We must 

The "dlrect wave" on a panel is like a d i r e c t  wave I n  

a sound field; it I s  the f r e e  wave that I s  generated by the 

disturbance dimegardine; the additional wave components that 

are generated when I t  encounters a s t r u c t u r a l  d i scont inui ty ,  

then the panel I s  excited by low speed turbulence, the HF 

waves apread out  like waves from 8 small source of a m 8  At 

and spectrum @r(a)o 

hando the HC waves that are generated travel a t  an angle Q, 

from the direction of  conveceion and have a spectrum which 

does not depend on PT at all b u t  rather on the wavenumber 

opectrum (3x($. The energy absorbed f r o m  the sound f i Q l d  

"enters" the s t r u c t u r e  a t  the edges of the panels and the 

direct  wave travels into the panel almost at right angles  to 

For high speed turbulence on the other 

-12- 



the e&% 

turbnnce. 

be quite  different i n  the various cases of turbulent and 

acoustic loading, 

In this case, one kas nearly a l ine source dla- 

It I s  clear therefore tha t  the direct f i e l d  will 

The reverberant field is produced by succeasive reflec- 

t ions  of the energy in the direct wave from the edges of 

the panel. Die power remaining in the direct wave after 

the firot re f lec t ion  18 approximately =,e -kdd4 where 
d - XTAJa is a mean free path for two dimensional aystems. 

The energy in the d i r e c t  f i e l d  I s  approximately 

'direct * 7 

while in the reverbemne f i e l d  it i t a  

0 
9 C D -  

'reverberant W q  

assuming only a very slight energy L o s ~  In the first traverse 

of the wave. Taking the ratio, 

For m a t  service structures, the damping i s  such that kdv << 1. 



It is therefore more Important that the reverberant  f f c L  be 

simulated s ince  it contains most of the energy. 

The energy i n  the panel will normally make several pat+ 

sages acro88 the panel before it  is dissipated, 

there I s  a passage of energy between panels through the sup- 

por t ing  frame. 

considered i n  the theoq- to be coupled, which m y  in t u r n  be 

thought of as a new set of modes having composlte properties, 

with respect t o  both vibration and rad ia t lon ,  of the old 

modes. 

of this problem to date, but there is considerable experimental 

evidence to this effect. For example, reverberant d i f f u s e  

fields of v ib ra t ion  appear t o  be set up on laboratory penela 

when driven either with point shakers (which are very mch 

In addi t ion,  

There is a tendency for  the idealized modes 

?here has not  been a great deal of t h e o r e t i c a l  study 

like low speed turbulence) o r  with a d i f f u s e  sound field. Lv 
I n  addi t ion,  there is an experimental reciprocity between the 

diffuse pressure i n  a reverberant; sound f i e l d  and the rever- 

bcrmnt v ib ra t iona l  fleld on a s t r u c t u r a l  panel. This 
reclproclty basically requlres that most of the v ib ra t iona l  

modes have comparable coupllng to the sound f i e ld .  

I n  summary, the v ib ra t iona l  f i e l d  of structural penel8 
driven by b m d  band noise appears to be highly reverberant. 

Becauae of this, it I s  somewhat insensitive to the precise 



- 4 .  

n a t u r e  of the disturbance and simulation may be poss ib le  if 

the required power levels  in the various frequency regions 

can be supplied by the sound field. 

-15- 



In this section, we shall review briefly some of the 

problems associated with predicting the spectral properties 

of turbulent pressure fields. The central problem,of course, 

is that the frequency spectrum that one measures with a f b e d  

mfcrophone I s  not necessarily related directly to the input 

spectrum of power to the panel. For the HF response to low 

speed turbulence, the frequency spectrum is sei; by P T ( W ) ,  

whereas a fixed microphone measure8 the spectrum 

Information concerning QT(w)  can be obtained from 

8,im) by noting from Pi@, 3 that (&(a) will have 8 'lcut-off'l 

at approximately oC = klU&jl. The characteristic cut-alt'f 

frequency fo r  8 ,  is O", which has been shown by experiment 

to be approximately Uc/25  GI. Tklu~3, the spectrum measured by 

a f'lxed microphone is about 25 times as broad as the actual 

!the effect of this  Indirect relation between loading and 

response frequencies is i l lustrated in Fa. 6. 

tlon is  acoustic, an increase in level in any band is followed 

by the same increase (in dB) in the same band of response. If 

a band level l a  increased in the fixed microphone reaponse, 

When the exclta- 

-16- 



thla means that a certain group of wavenumbers has been 

enriched in the spatial wavenumber spectrum, 

numbers till1 cause increased response a t  lower frequencies 

In the panel 80 shown. 

These wave- 

In the case of HC modal reoponse to hi&h speed turbu- 

lence, the situation I s  somewhat d i f f e r e n t .  The travenumbera 

contributing to the response and microphone pressuro respec- 

t ive ly  are shown In Fig. 7. 
guess at  the dependence of the wavenumber spectrum on IC 

then a measurement of QM(U = klUc) is s u f f i c i e n t  to deter- 

mine the form of Qx(@ = klUc,k,). 

Lf one 18 willing to make a 

3' 

Ffotwcs Williams has made 

such a "guess" and the form he chose was w 

T~IS i a  not a completely eatisfactory way of est~mting a c s > s  

but i t  indicates that the w a y  3.n whbh pM@) is used to Infer 

the spectral character of the input power trill be quite dif- 

ferent 3.11 the high speed and low speed cases. 
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FIGURE CAFTIONS 

Figure 1 Plot of wave numbers, pattern in k-space 

Figure 2 Form of the moving axis frequency apectrmm 

Figure 3 Effective correlatlan area for turbulent excitation 

of HF waves 

Figure 4 HC wave and  ons st ant frequency loci in k-space 

Plgure 4 Tgpical radiation efficiency of a supported panel 

Figure 6 Effect of band level change8 i n  measured pressure 

on response levels In acoustic and low speed 

boundary layer noise excitations 

Flgure 7 Wave numbers producing microphone and panel response 

i n  high epeed boundary layer noise 
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